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ABSTRACT 

Sulfur  incorporated  nanocrystalline  carbon  (n-C:S)  thin  films  grown  on  molybdenum 
substrates  by  hot-filament  chemical  vapor  deposition  (HFCVD)  using  gas  mixtures  of  methane, 
hydrogen  and  a range  of  hydrogen  sulfide  (HjS)  concentrations  are  optically  examined  using 
Raman  spectroscopy  (RS)  and  ex  situ  spectroscopic  phase  modulated  ellipsometry  (SPME)  from 
near  IR  to  near  UV  (1. 5-5.0  eV)  obtaining  their  vibrational  frequencies  and  pseudodielectric 
function,  respectively.  The  ellipsometry  data  (<e,(E)>,  <£;(E)>)  were  modeled  using  Bruggeman 
effective-medium  theory  (BEMT)  and  five  parameters  Forouhi  and  Bloomer  (FB)  dispersion 
Model.  A simplified  two-layer  model  consisting  of  a top  layer  comprising  an  aggregate  mixture 
of  sp3C+sp2C+void  and  a bulk  layer  (L2),  defined  as  a dense  amorphized  FB-modeled  material 
was  found  to  simulate  the  data  reasonably  well.  Through  these  simulations,  it  was  possible  to 
estimate  the  dielectric  function  of  our  n-C:  S material,  along  with  the  optical  bandgap  (Eg),  film 
thickness  (d),  and  roughness  layer  (o)  as  a function  of  [H2S].  The  physical  interpretation(s)  of 
the  modeling  parameters  obtained  were  discussed.  The  Raman  and  ellipsometry  results  indicate 
that  the  average  size  of  nanocrystallites  in  the  sulfur-incorporated  carbon  thin  films  becomes 
smaller  with  increasing  H2S  concentration,  consistent  with  AFM  measurements.  The  bandgap 
was  found  to  decrease  systematically  with  increasing  H2S  concentration,  indicating  the 
enhancement  of  midgap  states  and  sp2  C network,  in  agreement  with  RS  results.  These  results 
are  compared  to  those  obtained  for  the  films  grown  without  sulfur  (n-C),  in  order  to  study  the 
influence  of  sulfur  addition  to  the  CVD  process.  This  analysis  led  to  a correlation  between  the 
film  microstructure  and  its  electronic  properties. 

INTRODUCTION 

A great  deal  of  attention  has  been  given  to  diamond  and  diamond-like  carbon  (DLC)  thin 
films  since  their  advent  owing  to  a wide  range  of  desired  and  unique  mechanical,  optical  and 
electronic  properties  (such  as:  high  mechanical  hardness,  chemical  inertness,  negative  electron 
affinity,  and  very  high  electron  and  hole  mobilities)  [1,2].  This  combination  of  superlative 
properties  paves  their  way  to  several  potential  and  technological  applications:  optical  coatings, 
wide-band  IR  transmissive  windows,  and  flat  panel  displays  (FPDs)  to  name  a few  [3],  It  is  also 
well  known  that  the  optical  and  electronic  properties  of  these  carbon  materials  are  controlled  by 
the  ratio  of  sp3/sp2  coordinated  carbon  bonds  [4,5].  Films  having  a high  fraction  of  sp3  C exhibit 
a higher  optical  band  gap  and  hardness  as  compared  to  films  rich  in  sp2  C.  A number  of 
theoretical  studies  of  various  hypothetical  phases  of  carbon  have  been  carried  out  predicting  such 
behavior  [4,6], 

The  complex  refractive  index,  n = n - ik,  where  n is  the  refractive  index  and  k the 
extinction  coefficient,  provides  information  about  the  distribution  of  bonding  configurations  and 
is  therefore  an  important  parameter  for  designing  the  material  for  specific  technological 
applications  [7].  Among  several  state-of-the  art  techniques  for  optical  characterization, 
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spectroscopic  ellipsomctry  (SE)  has  proved  to  be  very  influential  and  advantageous  for  the  last 
two  decades  in  the  thin  film  structural  analysis  because  of  its  inherent  advantages  and  sensitivity 
[4,8,9],  Recent  pioneer  reports  on  the  addition  of  sulfur  in  diamond  as  a donor  dopant,  both 
experimental  and  theoretical  [10,11,12],  stirred  great  interest  in  the  diamond  community.  In 
general,  the  n-type  dopants  of  diamond  (like  N,  P and  now  S)  have  the  potential  to  enhance  the 
field  emission  properties  of  disordered  and  nanocrystalline  carbon  films  by  providing  electrons 
close  to  the  conduction  band  [3,13],  Presently  the  incorporation  of  sulfur  is  not  to  make  diamond 
semiconducting,  but  rather  tailor  the  material  as  viable  cold  cathodes  [3],  It  has  been  previously 
shown  that  structural  defects  such  as  sp“C  network  yield  low-field  emitters  [3,14],  in  contrast  to 
the  degradation  of  several  other  physical  properties. 

We  have  measured  the  dielectric  function  and  vibrational  frequencies  of  n-C:S  thin  films 
using  SE  and  RS  techniques  as  a function  of  [HiS]  in  gas  phase.  This  paper  focuses  on  the 
determination  of  a reliable  physical  model  to  describe  the  optical  properties  of  these  materials. 
Utilizing  Forouhi  and  Bloomer  (FB)  dispersion  model  [15],  we  performed  multi-layer  analysis  to 
estimate  the  dielectric  function  of  these  n-C:S  thin  films.  According  to  this  five  parameter  model 
(A,  B,  C,  n(°°),  and  Eg)  [15],  the  optical  absorption  in  the  visible  range  is  dominated  by  a single 
type  of  electronic  transition  involving  states  within  ~ 5eV  of  the  Fermi  level  and  hence  should 
involve  mostly  7t-rt  excitations.  In  order  to  investigate  the  optical  absorption  processes  in  the 
disordered  carbon  material  in  thin  film  form  studied  hereby,  fits  to  the  pscudodielcctric  SE  data 
were  performed  using  Levenberg-Marquardt  [16]  algorithm  while  varying  all  the  parameters  to 
fit  simultaneously  both  n and  k spectra.  Based  on  this  model  and  through  RS,  we  explained  the 
behavior  of  optical  bandgap  and  the  refractive  index  in  terms  of  sp:C  network  and  the 
introduction  of  structural  defect  stales  within  the  bandgap  (midgap  states).  To  the  best  of 
authors’  knowledge  no  such  studies  have  been  performed  so  far. 

EXPERIMENTAL  PROCEDURES 

The  sulfur  incorporated  nanocrystallinc  carbon  thin  films  (n-C:S)  were  prepared  in  a 
custom-built  HFCVD  reactor,  described  in  detail  elsewhere  [3.17].  These  thin  films  were 
prepared  on  Mo  Substrates  using  a 2%CIL:H:  gas  mixture  with  a total  flow  of  100  seem  which 
was  directed  through  a Joule  heated  Rhenium  (Re)  filament.  In  order  to  incorporate  sulfur  (S)  in 
the  samples,  HiSiIU  gas  mixture  was  introduced  in  the  chamber.  Several  sulfur  concentrations 
were  used,  ranging  from  100  ppm  to  500  ppm.  with  an  interval  of  100  ppm  at  a fixed  substrate 
temperature  of  900  "C.  The  substrate  was  maintained  at  900-930  ”C  during  the  growth  process 
and  the  total  gas  pressure  was  kept  at  20  Torr.  Real-time  SE  was  used  to  calibrate  the  true 
temperature  of  the  substrate  surface  [18].  The  incorporation  of  sulfur  was  quantified  by  X-ray 
photoelectron  spectroscopy  (XPS)  and  amounted  to  be  around  0.5- 1 .0  at.%. 

Film  thicknesses  were  around  0.5- 1. 0 pm,  measured  mechanically  using  Tencor  surface 
profilometer  (Alpha  Step  100).  The  root  mean  square  (mis)  surface  roughness,  average  grain 
size  and  typical  surface  topological  features  were  evaluated  using  AFM  (Nanoscopc  Ilia.  Digital 
Instruments  Inc.).  The  Raman  spectra  were  recorded  using  a triple  monochromator  (ISA  Jobin- 
Yvon  Inc.  Model  T64000)  with  around  1 cm'1  resolution  employing  the  514.5  nm  line  of  Ar+ 
laser  and  a probed  area  of  about  1-2  pm\  The  ex  silu  spectroscopic  ellipsomctry  data  were 
measured  with  a Jobin-Yvon  UVISEL  phase-modulated  spectroscopic  ellipsomctcr  (Model 
DH10)  from  NIR  (1.5  eV)  to  near  UV  (5.0  cV)  with  a fixed  incident  angle  of  68.58"  from  the 
sample  normal  and  a spot  size  of  3 mm.  During  the  analysis,  the  bulk  optical  function  of  the 
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material  components  of  the  film 

microstructure,  including  diamond  n-Diam  Diam  G-band  XL= 514.5  nm 

component  (sp3C)  and  non-diamond  _ j A*.  and  Pcw6r : smw,  300s 

(sp2C)  as  glassy  carbon,  were  taken  .4?  i 

following  Collins  [18].  J V 

RESULTS  AND  DISCUSSION  — ^ ^ 

Figure  1 shows  the  Raman  ■f'  M 300  ppm 

spectra  for  the  n-C:S  thin  films  grown  § ' i 

by  HFCVD  as  a function  of  [H2S]  in  % , H J j 

gas  phase.  All  of  the  samples  were  i i ■ \ 

grown  at  a fixed  substrate  temperature  \ . . } 4 i,  ■; 1 ; *; 

of  900  °C.  The  film  grown  with  100  1000  1200  1400  1600  isoo  2000 

ppm  H2S  shows  the  1332  cm'1  peak  Raman  Shift  (cm ') 

(fingerprint  of  diamond).  Qualitative 

. . r-% . , , , , , Figure  1.  Raman  spectra  for  S-  assisted  nanocrystalline  carbon 

inspection  of  Fig.  1 also  shows  that  the  thjn  fi|mj  as  a function  of  sulfur  concentTation  ([S])  depicting 

Raman  spectra  are  dominated  by  broad  the  characteristic  djamonA  sraohitic  ^ disordered  carbon 
features  at  1150,  1340  and  1580  cm'1, 

which  are  typical  characteristic  of  nanocrystalline  diamond  (n-D)  [19]  and  disordered  carbon 
[20],  the  last  two  denoted  by  D and  G band,  respectively.  These  latter  features  predominate  with 
respect  to  the  increase  in  sulfur  concentration.  The  film  grown  with  100  ppm  is  quite  similar  to 
intrinsic  material  (n-C)  and  one  can  note  the  disappearance  of  diamond  peak  for  films  grown 
with  H2S  greater  than  200  ppm.  The  relative  heights  of  the  Raman  peaks  (D  and  G bands)  differ 
in  general.  The  latter  features  predominate  at  higher  TS  while  their  relative  heights  differ,  in 
general.  The  difference  among  the  Raman  spectra  can  be  explained  by  the  sulfur  additions. 
Under  the  specific  growth 

conditions  considered  in  this  study, 

sulfur  tends  to  introduce  disorder  i5r— — 15 

and  defects  considerably,  similar  to  Ts=  900  °C,  400  ppm  Hes  n-C:S 

nitrogen  incorporation,  which  * SE  data 

induces  graphitization  of  carbon  10  • simulation  1Q 

films  [3,6,21,22],  Notice  that  the 

sp2  bond  sites  begin  to  diffuse  and  ^ w 

condense  into  clusters  at  high  V\  5 

temperatures.  This  ability  of 

clustering  of  sp2  sites  while  keeping  0 - 

the  sp3  fraction  fixed  implies  or  1.5  2.0  2.5  3.0  3.5  4.0  4.^ 

indicates  that  these  sp2  sites  act  like  Photon  Energy  (eV) 

defects  in  the  sp3  matrix.  Predicted 
theoretically  by  Robertson  et  al. 

[23]  that  the  midgap  states  are  Fi§ure  2-  **  Sl’“  Phase  modulated 

c * r 2 • 1 spectroscopic  ellipsometry  data  for  one  of  the  sulfur- 

found  for  K states  on  sp  sites,  they  incorporated  nanocrystalline  carbon  thin  films.  The 
cluster  according  to  the  deposition  crosses  (+)  are  the  raw  data,  while  the  solid  line  ( — ) 

conditions,  as  the  [H2S]  hereby.  is  the  best-fit  simulation  resulting  from  linear 

Changes  in  the  surface  regression  analysis  (LRA)  of  the  experimental  data, 
morphological  features  are  also  The  arrows  indicate  the  two  ordinates  that  apply  to 
apparent  from  AFM  technique.  The  each  curve. 


Ts=  900  °C,  400  ppm  HsS 


SE  data 
simulation 


2.5  3.0  3.5  4.0 

Photon  Energy  (eV) 


Figure  2.  Typical  ex  situ  phase  modulated 
spectroscopic  ellipsometry  data  for  one  of  the  sulfur- 
incorporated  nanocrystalline  carbon  thin  films.  The 
crosses  (+)  are  the  raw  data,  while  the  solid  line  ( — ) 
is  the  best-fit  simulation  resulting  from  linear 
regression  analysis  (LRA)  of  the  experimental  data. 
The  arrows  indicate  the  two  ordinates  that  apply  to 
each  curve. 
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ball-likc  morphology  transforms  to 
fine-grained  on  S-addition  and  the 
surface  becomes  relatively  smoother 
(o:  64  nm  vs  26  nm).  The  average 
grain  size  estimated  using  AFM  [3] 
becomes  reduced  from  60  to  20  nm 
with  increasing  sulfur  addition. 

Moreover,  the  grain  size  distributions 
range  from  20-60  nm  to  100-150  nm 
for  all  of  the  samples.  Since  the 
Raman  cross-section  of  graphitic 
carbon  is  around  50  times  larger  than 
that  of  diamond  [ 19],  there  must  be  a 
substantial  amount  of 

microcrystalline  diamond  inclusions 
in  the  film.  Besides,  a substantial 
amount  of  threefold  sp2  oordinated 
carbon  (sp2C)  is  also  present, 
indicated  by  the  graphitic  G-band  at 
1580  cm'1.  Generally  speaking,  the  Raman  band  at  1360  cm'1  has  contributions  from  both  highly 
defective  sp'1  carbon  (diamond-like)  and  disordered  sp2  carbon  (graphitic  D-band  [20]). 

The  experimental  ex  situ  SE  data  and  the  corresponding  fils  of  er(E)  and  e,(E)  for  one  of 
the  representative  sample  arc  shown  in  Fig.  2.  The  results  were  fitted  employing  Bruggeman 
Effective  Medium  Theory  (BEMT)  [24]  and  FB  dispersion  model  under  the  assumption  that  the 
film  composition  is  an  aggregate  mixture  of  disordered  sp3  and  sp2  carbon  (sp3  C,  sp"  C).  For  the 
sp1  component,  the  optical  constants  of  natural  type  11a  diamond  were  adopted,  while  for  the  sp2 
component  the  optical  constants  of  glassy  carbon  were  used  [18],  In  order  to  find  the  most 
appropriate  one,  the  models  having  a different  number  of  layers,  different  composition  and  two 
dispersion  models  such  as  Tuac-Lorcnz  (TL)  and  FB  within  these  layers  were  applied  to 
ellipsomctry  data.  The  result  was  that  a simplified  two-layer  model  of  which  the  microstructural 
and  the  corresponding  optical  model  shown  in  Fig.  3,  was  required  in  order  to  simulate  the  data 
reasonably  well.  This  model  consists  of  a top  layer  (defined  as  a composite  layer  of 
sp3C+sp2C+voids  followed  by  a dense  amorphized  FB-modelcd  material  layer.  Last  is  the  Mo 
substrate,  assumed  to  be  infinite  since  the  light  docs  not  bounce  back  after  passing  through  it. 
This  two-layer  model  is  in  contrast  to  the  model  proposed  for  the  material  grown  without  sulfur 
(n-C),  whereby  the  top  layer  consists  of  50%FB+50%void  [17].  The  degree  of  agreement 
between  the  model  and  the  ellipsometry  data  for  n-C:S  material  can  be  evaluated  from  Fig.  2, 
where  the  continuous  line  corresponds  to  the  simulation  while  the  crosses  correspond  to  the 
measured  ellipsomctry  data.  Both  er  and  £i  were  simultaneously  fit  using  regression  analysis  that 
minimizes  %2  [17]. 

Qualitatively,  these  are  the  best  fits,  while  quantitative  results  are  summarized  in  Tabic  I. 
The  overall  thicknesses  of  the  films  derived  from  the  SE  model  tally  with  those  measured 
mechanically  using  a profilometcr.  The  film  thicknesses  measured  by  these  two  techniques  do 
agree  reasonably  well,  thus  giving  another  indication  of  the  reliability  of  the  model  employed. 
On  the  other  hand,  the  surface  roughness  measured  by  SE  sometimes  agrees  with  that  estimated 
by  AFM,  but  it  is  generally  much  lower.  Results  in  terms  of  the  bonding  -antibonding  state 
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Figure  3.  Two-layer  microstructure  model  and  the  corresponding  optical 
model  to  describe  S-incorporated  nanocrystallinc  carbon  thin  film  in 
order  to  simulate  the  ellipsomctric  spectra  shown  in  Fig . 2 for  one 
representative  sample  using  least-square  linear  regression  analysis 
(I.RA). 
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Table  1.  Summary  of  simulation  results  for  the  sulfur-incorporated  nanocrystallinc 
carbon  thin  films  grown  by  HFCVD  under  several  hydrogen  sulfide  (H,S)  concentrations 
in  gas  phase” 

Sample  B C EB  ^2 

Growth  A (eV)  (eV2)  n(°°)  (eV)  (best- 

Thickness  fit) 

Parameters  L2  (A) 

No  sulfur  98 1 9.3±1 9.7  0.190  4.108  13.916  1.714  2.701  0.16 


100  ppm  1600.1121.5  0.27  4.586  18.73  1.52  2.18  0.29 


200  ppm  1530.4112.4  0.25  3.921  19.30  1.91  1.15  0.89 


300  ppm  2300.2136.9  0.60  3.510  10.71  2.20  0.92  0.18 


400  ppm  4613.7129.5  0.94  3.506  13.36  2.97  -0.70  0.27 


500  ppm  7100.41112.4  1.16  3.001  15.00  3.00  -1.28  1.26 


"Other  deposition  parameters  are:  (CHj]=  2.0  % in  high  hydrogen  dilution,  pressure 
=20.0  Torr  and  number  of  deposition  hours  = 15-30  minutes  for  all  of  the  samples. 

n(<*>)  and  the  optical  bandgap  (Eg),  in  agreement  with  the  observations  made  for  sputtered  a-C 
and  a-C:H  films  studied  with  the  same  mode]  [25].  The  negative  values  of  the  Eg  for  two  of  the 
films  studied  hereby  seem  to  be  unphysical  but  this  observation  is  very  common  for  these  kinds 
of  films  [25]  and  can  be  overcome  using  modified  FB  model  [25],  which  will  be  demonstrated  in 
the  forthcoming  publication. 

In  the  photon  energy  range  studied  hereby  of  1. 5-5.0  eV,  the  n-n  transitions  (sp2 
clusters)  are  the  predominant  absorption  processes  involved.  There  are  micro/nanocrystalline 
diamond  inclusions  in  the  film  prepared  with  100  ppm  and,  correspondingly,  its  bandgap  is 
higher  and  the  excited  state  lifetimes  longer  (smaller  A)  than  those  of  the  films  grown  with  high 
H2S  concentration.  These  values  then  change  as  a result  of  high  [H2S],  which  enhances  the 
formation  of  midgap  states  within  the  band  structure  of  the  material  through  the  formation  of  sp2 
C bonds,  resulting  in  lower  optical  bandgaps  (Eg)  and  shorter  excited  state  lifetimes  (larger  A). 
These  findings  are  in  agreement  with  other  groups  concerning  a-C:H  deposited  by  PECVD  with 
nitrogen,  which  leads  to  a strong  decrease  in  Eg,  because  of  the  increase  in  aromatic  regions  [26]. 
The  decrease  in  Eg  or  k-k  transition  energy  confirms  the  nanocrystalline  nature  of  the  films,  in 
agreement  with  RS.  These  results  indicate  similarities  between  n-C:S  and  n-C:N,  rather  than  to 
n-C:0,  and  point  at  potential  cold  cathode  applications  of  the  material  studied  hereby. 

CONCLUSIONS 

The  optical  properties  of  n-C:S  thin  films  were  investigated  using  RS  and  spectroscopic 
ellipsometry.  A simplified  two-layer  structural  model  was  found  to  be  appropriate  for  simulating 
the  ellipsometry  spectra  satisfactorily,  obtained  information  about  the  electronic  structure  of 
these  thin  films.  The  reduction  in  the  amount  of  ordered  sp3  carbon  was  accompanied  by  a 
reduction  of  the  effective  bandgap  and  of  the  excited  state  lifetimes  with  increasing  H2S 
concentration  in  gas  phase,  in  coordination  with  RS  observations.  Consequently,  the  influence  of 


energy  difference 
(Ec„-E0*),  which  is  a 
sort  of  average  Penn 
gap  and  excited  state 
lifetime  obtained  from 
the  B and  A values 
respectively,  are  listed 
in  Table  I.  The 
findings  of  the  optical 
gap  ~ -1.28-2.1  eV 
with  decreasing  sulfur 
concentration  are  in 
agreement  with  the 
fact  that  the  films 
contain  a relatively 
high  fraction  of  sp2 
bonded  carbon  (sp2C) 
with  increasing  [H2S]. 
There  appears  to  be  an 
inverse  relation 

between  the  value  of 


485 


sulfur  addition  to  the  CVD  process  is  to  increase  the  sp2  C content  and  the  corresponding  defect 
states  within  the  bandgap.  This  analysis  led  to  a correlation  between  the  film  microstructurc  and 
its  electronic  properties. 
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